ArfGAP1 promotes GTP hydrolysis in Arf1, a small G protein that interacts with lipid membranes and drives the assembly of the COPI coat in a GTP-dependent manner. The activity of ArfGAP1 increases with membrane curvature, suggesting a negative feedback loop in which COPIinduced membrane deformation determines the timing and location of GTP hydrolysis within a coated bud. Here we show that a central sequence of about 40 amino acids in ArfGAP1 acts as a lipid-packing sensor. This ALPS motif (ArfGAP1 Lipid Packing Sensor) is also found in the yeast homologue Gcs1p and is necessary for coupling ArfGAP1 activity with membrane curvature. The ALPS motif binds avidly to small liposomes and shows the same hypersensitivity on liposome radius as full-length ArfGAP1. Sitedirected mutagenesis, limited proteolysis and circular dichroism experiments suggest that the ALPS motif, which is unstructured in solution, inserts bulky hydrophobic residues between loosely packed lipids and forms an amphipathic helix on highly curved membranes. This helix differs from classical amphipathic helices by the abundance of serine and threonine residues on its polar face.
Introduction
Protein coats are dynamic polymers that assemble at the surface of cell membranes to form transport vesicles. Most protein coats are controlled by small G proteins of the Arf and Sar families (Kirchhausen, 2000; McMahon and Mills, 2004) . In the GTP conformation, Arf and Sar proteins bind avidly to lipid membranes and recruit coat complexes such as coatomer in the COPI coat, Sec23/24 in the COPII coat, and AP and GGA adaptors in clathrin coats. Coat complexes make additional links with the membrane, notably with short export motifs harboured by membrane proteins, and selfassemble laterally to form a curved lattice that induces bending of the underlying membrane. As a result, a network of interactions maintains the coat in an assembled state until the vesicle pinches off.
One unresolved issue in protein coat dynamics is the timing of GTP hydrolysis. In vitro, GTP hydrolysis in Arf or Sar is required for coat disassembly but not for assembly (Tanigawa et al, 1993; Barlowe et al, 1994; Reinhard et al, 2003) . In vivo however, protein coats may lose most Arf or Sar molecules through GTP hydrolysis before disassembly. Indeed, clathrin-and COPII-coated vesicles isolated with GTP contain low amounts of Arf and Sar, respectively (Barlowe et al, 1994; Zhu et al, 1998) . One possibility is that the lateral interactions between the polymerized coat proteins and their binding to other membrane components compensate for the loss of Arf-GTP or Sar-GTP. This compensation should be easier within lattice interior, where the network of lateral interactions is complete, than at the coat edge, where new coat proteins assemble. In analogy with microtubules (Desai and Mitchison, 1997) , we suggested that the GTP hydrolysis reaction may be spatially organized so as to keep enough Arf/ Sar-GTP at the edge of the coat .
Several mechanisms could cooperate to restrict the spatial distribution of Arf/Sar-GTP to the edge of a coated membrane area. In the COPII coat, the guanine nucleotide exchange factor Sec12 is excluded from the coat, thus providing new Sar-GTP molecules only at the coat periphery, whereas fast GTP hydrolysis requires Sar1 to be trapped by all COPII units Futai et al, 2004) . As a result, the probability of having Sar1-GTP should decrease from the edge to the centre of the coat. In the COPI coat, for which similar mechanisms may apply, we have described an additional mechanism that should prevent GTP hydrolysis at the edge of a coated bud, while accelerating it in the interior. This mechanism lies on the remarkable sensitivity of ArfGAP1, a GTPase-activating protein for Arf1, to membrane curvature (Bigay et al, 2003) .
ArfGAP1 is a Golgi-localized protein that controls the dynamics of the COPI coat (Cukierman et al, 1995; Liu et al, 2005) . ArfGAP1 is the founder member of the ArfGAP family (Donaldson, 2000; Randazzo and Hirsch, 2004) . These proteins are characterized by a Zn-finger domain of about 120 amino acids (aa), which promotes GTP hydrolysis in Arf (Goldberg, 1999; Mandiyan et al, 1999) . Since Arf-GTP is attached to lipid membranes, the targeting of ArfGAPs to membranes is crucial for their function. Some ArfGAP proteins contain structural domains (e.g. PH domains) that bind to specific lipids such as phosphoinositides (Donaldson, 2000; Randazzo and Hirsch, 2004) . In ArfGAP1 however, the Zn-finger GAP domain (aa 10-130) is the only recognizable domain in the full 415 aa sequence. Moreover, although the binding of ArfGAP1 to model lipid membranes and its activity towards Arf1-GTP are remarkably sensitive to lipid composition, no specific ArfGAP1-lipid interaction seems to be involved (Antonny et al, 1997b) . Instead, it seems that the key parameter governing the adsorption of ArfGAP1 to membranes is lipid packing, a physical parameter that itself depends on the shape of lipid molecules and on the curvature of the membrane. At constant liposome radius, the activity of ArfGAP1 increases when conical lipids such as dioleolylglycerol are introduced at the expense of cylindrical lipids (e.g. phosphatidylcholine (PC)) (Antonny et al, 1997b) . Conversely, when the liposome composition is kept constant, the activity of ArfGAP1 increases with liposome curvature (Bigay et al, 2003) . We proposed that ArfGAP1 recognizes the defects in lipid packing that appear when the actual curvature of the membrane exceeds its spontaneous curvature (Bigay et al, 2003) . Functionally, the hypersensitivity of ArfGAP1 to lipid packing could determine the timing and location of GTP hydrolysis within a coated membrane area. When the membrane is curved by the mechanical force imposed by the COPI coat, ArfGAP1 would gradually eliminate Arf1-GTP molecules from the coat except at the edge where membrane curvature is negative (Bigay et al, 2003) .
In this study, we show that a central region of ArfGAP1, which is conserved from yeast to mammals, acts as a lipidpacking sensor and helps anchor ArfGAP1 at the surface of highly curved membrane, thus allowing GTP hydrolysis on Arf1. This region, which is not structured in solution, adopts an amphipathic helical structure on curved membranes through insertion of bulky hydrophobic residues between loosely packed lipids.
Results
Gcs1p, the yeast homologue of ArfGAP1, is sensitive to lipid membrane curvature We previously reported that whereas ArfGAP1 is sensitive to lipid membrane curvature, a construct derived from ASAP1, another GTPase-activating protein for Arf, is not (Bigay et al, 2003) . Except for the presence of the Zn-finger GAP domain, ASAP1 and ArfGAP1 have no sequence homology. We therefore postulated that ArfGAP1 contains outside the Zn-finger GAP domain a specific region that binds to highly curved membranes. Yeast Saccharomyces cerevisiae contains six ArfGAP proteins, of which Gcs1p is the closest homologue of ArfGAP1 (Poon et al, 1996) . In contrast to other yeast ArfGAPs, Gcs1p shares homology with ArfGAP1 not only for the N-terminal Zn-finger domain but also for a central region of about 60 aa ( Figure 1A ). This prompted us to examine whether Gcs1p is sensitive to membrane curvature. For this, we used a spectroscopic assay in which the GTP to GDP transition of Arf1, bound to liposomes with a Golgi-like composition, is followed by tryptophan fluorescence. As Figure 1 Gcs1p is sensitive to membrane curvature. (A) Sequence alignment of the central region of ArfGAP1 orthologues, including yeast Gcs1p. The abbreviations used are as follows: H.s. Homo sapiens, R.n. Rattus norvegicus, X.l. Xenopus laevis, D.m. Drosophila melanogaster, C.e. Caenorhabditis elegans, S.c. Saccharomyces cerevisiae. The Uniprot accession numbers are indicated. Black arrows indicate point mutations introduced in rat ArfGAP1 and the white arrow indicates a cleavage site by chymotrypsin. Conserved residues are highlighted with the following colour code: yellow, hydrophobic; purple, serine and threonine; blue, basic; red, acidic; grey, other residues. (B) Time course of GTP hydrolysis in Arf1 (0.5 mM) on Golgi-mix (C18:1-C18) liposomes of defined size upon the addition of Gcs1p (50 nM). The reaction was followed by tryptophan fluorescence. The hydrodynamic radius of the liposomes was determined by dynamic light scattering (DLS) and is indicated. (C) Rate (1/t 1/2 ) of GTP hydrolysis in Arf1 as a function of the liposome radius in the presence of 50 nM Gcs1p (black circles) or 50 nM ArfGAP1 (white circles). Golgi-mix liposomes were made from natural lipids or enriched in C18:1-C18:1 lipids (see Materials and methods).
shown in Figure 1B and C, the time course of Arf1 inactivation initiated by the addition of Gcs1p was very sensitive to liposome radius. As previously observed for rat ArfGAP1 (Bigay et al, 2003) , a 100-fold increase in the apparent activity of Gcs1p was observed when the liposome radius was reduced from 140 to 30 nm, with a very sharp effect at radii below 50 nm. Gcs1p had weaker activity than ArfGAP1, an effect that we attributed to the use of mammalian Arf1 as a substrate ( Figure 1C) . Interestingly, the sensitivity of Gcs1p to liposome radius was shifted to higher radii with liposomes containing unsaturated lipids (C18:1-C18:1) as compared to liposomes made from natural sources ( Figure 1C ). Yeast cells are known to contain more unsaturated lipids than mammalian cells and Gcs1p could be adapted to this feature.
ArfGAP1 and Gcs1p bind preferentially to small liposomes To quantify in a direct manner the avidity of ArfGAP1 and Gcs1p for curved lipid membranes, we used a flotation assay, in which liposomes and associated proteins were recovered by centrifugation at the top of dense sucrose cushions ( Figure 2 ). We found this method more reliable than sedimentation, as the efficiency of liposome recovery by sedimentation diminished as the size of the liposomes decreased. Proteins were incubated with liposomes of defined radii at a protein:lipid molar ratio of about 1:1000. A control experiment was performed in the absence of liposomes. The suspension was adjusted to 30% w/v with sucrose, overlaid with two cushions of lower density and then centrifuged in a swing rotor for 1 h at 240 000 g. The liposomes contained 0.2 mol% of the fluorescent lipid nitrobenzoxadiazoldihexadecanoyl-phosphatidylethanolamine (NBD-PE) and could be visualized in the tubes before and after centrifugation using a fluorescence imaging system (Figure 2A ). Whatever their size, the liposomes moved almost completely from the highsucrose cushion to the sucrose-free cushion as a result of centrifugation. We typically collected 80-90% of the lipids in the top 100 ml. The protein content of the various fractions was determined by SDS-PAGE. As shown in Figure 2B , the binding of ArfGAP1 to liposomes strongly increased with membrane curvature. Thus, if only 14% of ArfGAP1 was found associated with large liposomes (Rh ¼ 88 nm), 98% was found associated with small liposomes (Rh ¼ 31 nm). Gcs1p bound also in a radius-dependent manner to C18:1-C18:1 Golgi-mix liposomes ( Figure 2C ). Altogether, the results of the GTPase and flotation assays suggested that ArfGAP1 and Gcs1p contain a region that binds avidly to highly curved lipid membranes.
The central region of ArfGAP1 is necessary and sufficient for binding to curved lipid membranes
We constructed several truncated forms of ArfGAP1 in which the central homology region with Gcs1p has been either conserved or deleted ( Figure 3A) . The , , and constructs contained an N-terminal polyhistidine tag and were purified from bacteria inclusion bodies by nickel chromatography under denaturing conditions. After renaturation by dialysis, proteins were further purified by anion exchange or gel filtration chromatography ( Figure 3B ). As determined by analytical gel filtration on a Superose-12 column, these constructs displayed an apparent molecular weight within once and twice the calculated molecular weight, suggesting no significant residual aggregation ( Figure 3C ). In addition, we constructed two protein fusions in which aa 192-257 or 192-231 of ArfGAP1 were added to GST ( Figure 3A and B). The sensitivity of the various constructs to membrane curvature was assessed by the flotation assay and, for those containing the GAP domain, by the fluorescence GAP assay.
The largest construct, [1-257]ArfGAP1, which contains the homology region with Gcs1p, showed strong sensitivity to liposome radius. [1-257]ArfGAP1 bound avidly to small liposomes but not to large liposomes ( Figure 3D ) and its activity on liposome-bound Arf1-GTP strongly increased with membrane curvature ( Figure 3E ). Therefore, ArfGAP1 behaved essentially as full-length ArfGAP1 with regard to its interaction with liposomes. In marked contrast, shorter constructs ending at aa 196 or 148 did not associate to liposomes, even at low liposome radius, and were almost insensitive to liposome radius in the GTPase assay ( Figure 3D and E). Because all constructs displayed comparable background GAP activity in solution on a soluble form of Arf1 ([W17]Arf1-GTP; data not shown), we concluded that the central region of ArfGAP1 (within aa 196 and 257) is necessary for coupling GTP hydrolysis in the Arf1-ArfGAP1 complex with the curvature of the supporting lipid membrane. The central region of ArfGAP1 is not only necessary but also sufficient for interacting with highly curved lipid membrane. This was demonstrated by the fate of three constructs in the flotation assay. ArfGAP1 as well as ArfGAP1 and GST- ArfGAP1 bound in a radius-dependent manner to Golgi-mix liposomes, whereas pure GST did not bind at all ( Figure 3D ). The largest construct, ArfGAP1, bound more avidly than the GST constructs but the recovery of ArfGAP1 with small liposomes remained substantial. Interestingly, the two GST fusions contained a degraded form that displayed residual avidity for small liposomes. As assessed by mass spectroscopy analysis, this form would correspond to the fusion of GST with the 192-214 sequence of ArfGAP1.
In conclusion, the mapping experiments presented in Figure 3 demonstrate that the region of ArfGAP1 that binds to highly curved lipid membranes is a motif of about 40 aa (between aa 192 and 231). This motif will be referred here as ALPS (for ArfGAP1 Lipid Packing Sensor). The ALPS motif is highly hydrophobic, rich in serine and threonine residues and overlaps the homology region with Gcs1p (see Figure 1A ).
The ALPS motif recognizes highly curved membranes through hydrophobic interactions
We previously suggested that ArfGAP1 recognized packing defects between lipid molecules due to the mismatch between the actual curvature of the lipid membrane and the molecular shape of the various lipids (Antonny et al, 1997b; Bigay et al, 2003) . This hypothesis was based on the observation that ArfGAP1 is sensitive not only to the liposome radius but also to the ratio between conical and cylindrical lipids. At constant liposome radius, the recruitment of ArfGAP1 and Gcs1p increased when lipids with small polar heads and/or bulky acyl chains (e.g. dioleoyl-glycerol) were introduced at the expense of cylindrical lipids (e.g. dipalmitoyl-PC) (Antonny et al, 1997b) . Therefore, a straightforward (B) SDS-PAGE of the purified proteins visualized with sypro-orange. Note the presence of a degradation product in the GST constructs (white arrow). This form probably corresponds to a GST-192-214 fusion form as assessed by HPLC and mass spectrometry analysis (see Materials and methods). (C) Size-exclusion chromatography of the constructs with a polyhistidine tag on a superose-12 column. The straight line represents the best fit for the elution of molecular weight standards. The grey square (1-257AAA) represents the elution peak of ArfGAP1 carrying the triple L207A-W211A-F214A mutation. (D) Avidity of the various constructs for Golgi-mix liposomes of decreasing size. For all constructs, flotation experiments similar to that described in Figure 2 were conducted except that the protein concentration was 1 mM and the lipid concentration 0.5 mM. The error bars show the variation observed between two independent experiments using different batches of liposomes. A detail view of the SDS-PAGE is shown for some GST constructs. (E) GAP assay using Arf-GTP bound to Golgi-mix liposomes of defined size. ArfGAP1 and ArfGAP1 were used at 100 nM. ArfGAP1 was used at 50 nM. model would be that ArfGAP1 inserts hydrophobic residues between loosely packed lipids.
To determine if hydrophobic interactions indeed contribute to the recognition of curved lipid membranes by the ALPS motif, we compared the binding of ArfGAP1 to neutral or anionic liposomes of decreasing radius. Figure 4A shows that ArfGAP1 bound in a radius-dependent manner to pure PC liposomes and that the introduction of the anionic lipid phosphatidylserine (PS) had no effect on its avidity for liposomes. Moreover, the recruitment of ArfGAP1 increased when palmitoyl-oleoyl lipids were replaced by di-oleoyl lipids. We concluded from these experiments that the interaction of the ALPS motif with the lipid bilayer is essentially hydrophobic and is driven by the increase in lipid spacing that occurs when membrane curvature or the ratio between conical and cylindrical lipids increases.
Conserved hydrophobic residues in the ALPS motif contribute to the recognition of curved membranes Among the most conserved residues of the ALPS motif are several hydrophobic residues ( Figure 1A ). We postulated that these residues could sense defects in lipid packing induced by membrane curvature. Three of these residues, L207, W211 and F214, were mutated individually or in combination into alanine. The mutations were introduced in the [1-257]ArfGAP1 construct as this form could be easily expressed in Escherichia coli and could be used both in the flotation assay and in the GAP assay.
The L207A, W211A and F214A mutations had drastic effects on the sensitivity of ArfGAP1 to membrane curvature. Figure 4B shows the time course of Arf1 inactivation initiated by the addition of the various [1-257]ArfGAP1 mutants when Arf1-GTP was prebound to small liposomes (black traces) or large liposomes (grey traces). For the wild-type form of [1-257]ArfGAP1, decreasing the liposome radius from 92 to 33 nm increased the rate of Arf inactivation 25-fold. Under the same conditions, a five-fold increase was observed for the L207A and F214A mutants. The W211A mutation had an even more severe effect as it almost abolished the sensitivity of ArfGAP1 to liposome curvature ( Figure 4B ). The results of the flotation assay agreed qualitatively with what was observed in GAP assay. The W211A mutation reduced more strongly the avidity of [1-257]ArfGAP1 for liposomes than the L207A and F214A mutations (data not shown). However, the three mutants still exhibited significant binding to liposomes, probably because the flotation assay was performed at higher lipid concentration than the GAP assay.
To confirm the importance of the L207-W211-F214 triplet in the adsorption of ArfGAP1 onto curved lipid membranes, we constructed a triple mutant in which these three hydrophobic residues were replaced simultaneously by alanine. Figure 4C shows that the triple mutant remained essentially soluble in the flotation assay even with small liposomes. This further highlights the essential contribution of L207, W211 and F214 in the recognition of curved membrane. 
Limited proteolysis experiments
The hydrophobic residues identified above might directly contact the lipid membrane or alternatively contribute to the folding of the ALPS motif. However, we suspected that this region was actually not well structured in solution. First, we noticed that wild-type [1-257]ArfGAP1 showed longer retention on a gel filtration column as compared to the triple L207A-W211A-F214A mutant, suggesting that the three hydrophobic residues were exposed to the gel matrix ( Figure 3C ). Second, several constructs containing the central region of ArfGAP1 were partially degraded during protein expression and purification. This degradation was more readily observed for the small GST fusions (see Figure 3B ), which were soluble in bacteria and therefore more exposed to proteolysis than the His-tagged constructs, which accumulated in inclusion bodies. The apparent molecular weight of some of the degraded forms suggested that the ALPS motif was a major site for proteolysis.
To probe the folding of the ALPS motif, we conducted limited proteolysis experiments. In agreement with previous findings (Goldberg, 1999) , we observed that full-length ArfGAP1 is highly sensitive to proteolysis and that no structural domain, except the N-terminal Zn-finger GAP domain, could be inferred on the basis of resistance to proteolysis (data not shown). However, interesting observations were made using chymotrypsin, which cleaves after aromatic residues. In solution or in the presence of large liposomes, chymotrypsin cleaved [1-257]ArfGAP1 into two major fragments ( Figure 5A ). The largest fragment (band 1) appeared rapidly and then slowly disappeared ( Figure 5A and B) . As determined by Western blot and mass spectrometry, this fragment includes the N-terminal polyhistidine tag and ends at residue 208. Tyrosine 208 is right in the middle of the ALPS motif. The smallest fragment (band 2), which appeared more slowly, includes the N-terminal His tag and ends at residue F144, just after the N-terminal Zn-finger domain. Strikingly, the addition of small liposomes had no effect on cleavage at position 144 but abolished cleavage at position 208. Moreover, an additional fragment (band 3) accumulated in the presence of small liposomes with the same kinetics as band 2. This new fragment was identified as the complement of the 1-144 fragment (aa 145-257). Obviously, the 145-257 fragment could not accumulate in solution, as cleavage at position 208 precedes cleavage at position 144. In conclusion, the high susceptibility of the ALPS motif to proteolysis suggests that this region is not a structurally defined domain in solution. Yet this region is capable of interacting directly and specifically with highly curved membranes, which leads to its protection from proteolysis.
The ALPS motif becomes structured at the surface of highly curved membranes Several hydrophobic residues of the ALPS motif are regularly spaced every three or four residues (199-FLNNAMSSLYS GWSSFTTGASKFAS-223), a feature suggestive of an amphipathic a-helical structure ( Figure 6B ). However, the sequence contains several glycine, serine and threonine residues, which have a low propensity to form a-helices. We reasoned that the ALPS motif could be unstructured in solution but could fold as an amphipathic a-helix on curved membranes through the insertion of hydrophobic residues between loosely packed lipids.
To assess the effect of membrane curvature on the secondary structure of the ALPS motif, we performed far-UV circular dichroism (CD) spectroscopy. The experiments were carried out with full-length ArfGAP1 as well as with three truncated constructs: one including the Zn-finger GAP domain ([1-196] ArfGAP1) and two including the ALPS motif ([137-257] ArfGAP1 and ArfGAP1). The ArfGAP1 construct was a lyophilized peptide purified by HPLC and solubilized in CD buffer before measurement. Figure 6A shows that full-length ArfGAP1 and the two constructs encompassing the ALPS motif undergo a dramatic change in secondary structure upon binding to small lipo- Figure 5 The central region of ArfGAP1 is highly susceptible to proteolysis in solution but is protected in the presence of small liposomes. ArfGAP1[1-257] was incubated with no liposomes, small DOPC:DOPS liposomes or large DOPC:DOPS liposomes. At time zero, chymotrypsin was added. The reaction was stopped at the indicated times and analysed by SDS-PAGE using sypro-orange staining (A) and by Western blot using an anti-polyhistidine tag antibody (B). The first line in the Western blot is a mixture of the indicated ArfGAP constructs (see Figure 3A ), which were used as standards. Note that ArfGAP1 is slightly contaminated at time zero by a band that migrates between the first fragment that is generated by chymotrypsin (band 1) and the somes. In contrast and as expected from previous experiments ( Figure 3D and E), ArfGAP1 showed no change in secondary structure. In solution, ArfGAP1 and ArfGAP1 do not show a well-defined secondary structure as indicated by a CD minimum at 202 nm (black traces). When incubated with a saturating amount of small liposomes, the two constructs shifted to a typical a-helical pattern with two CD minima at 210 and 222 nm (red traces). The mean residue ellipticity reached more negative values for the smallest construct, suggesting a higher percentage of ahelix. By fitting the experimental spectra, we estimated the helical content of liposome-bound [137-257]ArfGAP1 and of liposome-bound ArfGAP1 at 20 and 48%, respectively. Considering the length of the two constructs, this indicates that 25-33 residues have adopted an a-helical structure, a number that fits well with the size of the 199-223 amphipathic sequence. The CD spectra of full-length ArfGAP1 somehow recapitulated the features of the truncated forms. In solution, ArfGAP1 showed a high content of disordered secondary structure. However, ordered secondary structures, also observed in ArfGAP1 and which probably corresponded to the Zn-finger GAP domain, were detected. In the presence of small liposomes, the CD spectrum of full-length ArfGAP1 was clearly dominated by a-helical structures. We concluded from the CD experiments that the adsorption of ArfGAP1 to curved membranes is accompanied by a dramatic structural change and that this change is due to the folding of the ALPS motif into an a-helical structure.
Discussion
We have shown that ArfGAP1 responds to membrane curvature through the membrane adsorption and folding of a motif, which acts as an ArfGAP1 Lipid Packing Sensor (ALPS). This motif is conserved from yeast to mammals ( Figure 1A ) and is the hallmark of the ArfGAP1/Gcs1 subfamily. Intriguingly, ArfGAP3 and Glo3, which display redundant functions with ArfGAP1 and Gcs1, do not have this motif (Poon et al, 1999; Lewis et al, 2004; Watson et al, 2004) . The ALPS motif includes regularly spaced hydrophobic residues, which probably insert directly between lipids provided that the membrane is sufficiently bent. This insertion is accompanied by the folding of the ALPS motif into an amphipathic helical structure. By detecting lipid-packing defects, the ALPS motif would enable tuning the rate of GTP hydrolysis in Arf1 according to the membrane deformation induced by the COPI coat ( Figure 6C ). The ALPS motif shows overlap with the region of ArfGAP1 (aa 203-334) that has been shown to be required for its cellular localization (Yu and Roth, 2002) . Thus, the targeting of ArfGAP1 to the Golgi may involve several determinants, of which the ALPS motif may serve mostly to control the orientation of the GAP domain towards membrane-bound Arf1GTP.
The ALPS motif is centred on a tryptophan residue (W211) ( Figure 1A ). This residue is strictly conserved and its replacement by an alanine abolished the sensitivity of ArfGAP1 to membrane curvature ( Figure 4B ). Close to W211 is Y208, which becomes protected from proteolysis as a result of membrane binding (Figure 5) , and two well-conserved hydrophobic residues, L207 and F214, which are also important for the recognition of curved membranes (Figure 4B and C) . We propose that the side chain of L207, W211 and F214 (and perhaps that of neighbouring hydrophobic residues) inserts between lipids provided that the membrane is sufficiently bent. This insertion explains the strict hydrophobic character of the ArfGAP1/membrane interaction and its sensitivity to both lipid geometry and membrane curvature ( Figure 4A ) (Antonny et al, 1997b; Bigay et al, 2003) .
CD spectroscopy demonstrates that the binding of the ALPS motif to curved lipid membranes is accompanied by its folding into an a-helical structure ( Figure 6A ). According to secondary-structure prediction algorithms, the 195-230 sequence of ArfGAP1 could form a-helices, but a drop in the probability is found in the middle of the sequence due to the presence of two glycines and several serines and threonines. Consequently, the propensity of this region to adopt an a-helical structure may be exquisitely sensitive to the environment. In the absence of a favourable hydrophobic surface, this region is mostly unstructured as indicated by its high susceptibility to proteolysis ( Figure 5 ) and by its CD spectrum ( Figure 6A ). However, at the surface of highly curved lipid membranes where defects in lipid packing facilitate the penetration of hydrophobic residues, the ALPS region clearly adopts an a-helical structure ( Figure 6A ) and becomes protected from proteolysis ( Figure 5 ).
Several proteins interact with lipid membranes through the adsorption of amphipathic a-helices, without necessarily requiring the bending of the lipid membrane. So what prevents the ALPS motif from interacting with flat membranes? We suggest that the ability of the amphipathic helix of the ALPS motif to sense membrane curvature lies on its remarkable polar face, which is composed almost exclusively of serine and threonine residues ( Figure 6B ). The polar face of membrane-adsorbing amphipathic helices generally contains charged residues, which contribute to membrane adsorption by making electrostatic interactions with lipid polar heads. Thus, the N-terminal amphipathic helix of epsin directly contacts the polar head of PIP 2 through its basic polar face (Ford et al, 2002; Stahelin et al, 2003) . Other amphipathic helices contain positively and negatively charged residues distributed in a well-defined manner in the polar face to make electrostatic interactions with the polar head of zwitterionic lipids such PC and phosphatidylethanolamine (PE) (Segrest et al, 1992; Cornell and Northwood, 2000; Ulmer et al, 2005) . For Arf-GTP, a myristoyl group acts in concert with an N-terminal amphipathic helix to help anchor the protein at the membrane surface (Antonny et al, 1997a; Pasqualato et al, 2002) . These examples illustrate that several interactions must work in concert to overcome the cost of spreading apart lipid molecules that should accompany the deep insertion of an amphipathic helix. Consequently, epsin (and perhaps Arf1-GTP) can induce curvature of an initially flat membrane (Ford et al, 2002; Farsad and De Camilli, 2003) . In contrast, the ALPS motif can only sense membrane curvature because, except for the presence of hydrophobic residues, it has no additional feature that could help its membrane interaction. Thus, the abundance of threonines and serines may simply arise from the need of having a hydrophilic face without having charged residues that could contribute to membrane binding.
The ALPS motif does not recognize membrane curvature per se, that is, a curved geometry, but loose lipid packing, which is a consequence of membrane curvature. As such, the ALPS motif is very different from the BAR domain, a recently discovered structural domain that can sense and induce membrane curvature (Peter et al, 2004) . The BAR domain consists of an elongated six-strand coiled-coil with an overall banana shape, the concave face of which is basic and therefore adapted to interact with acidic and curved lipid membranes (Peter et al, 2004) . In vitro, both the BAR domain (Peter et al, 2004) and the ALPS motif (this study) interact preferentially with small liposomes. In vivo however, they may be adapted to different membrane deformations. Thus, high lipid packing should exclude the ALPS motif from the neck of a budding vesicle, whereas the complex surface geometry of such a membrane region, with a dual curvature (negative and positive), could be well adapted to the BAR domain.
From deletion mapping experiments, the boundaries of the ALPS motif are not clear-cut. If the GST-192-231 construct displays significant avidity for small liposomes, larger constructs encompassing this region bound significantly better ( Figure 3D ). The lack of clear boundaries is not surprising for an intrinsically unstructured region, but it will be important to determine whether the structural change that accompanies the adsorption of ArfGAP1 to curved lipid membranes is limited to the amphipathic sequence around W211 or whether it propagates beyond. ArfGAP1 interacts not only with Arf1-GTP, but also with coatomer and transmembrane proteins (Aoe et al, 1999; Goldberg, 1999; Lanoix et al, 2001; Majoul et al, 2001; Szafer et al, 2001; Rein et al, 2002; Yang et al, 2002) , and a large structural change imposed by membrane curvature may have profound effect on this interaction network in the confined environment of a coated membrane bud. Also of note is the fact that many proteins that are involved in the formation of transport vesicles contain large regions that are predicted to be intrinsically unfolded. This feature is very important for the rapid and reversible formation of multiple protein/protein interactions (Dafforn and Smith, 2004) . In addition, these regions may also be affected by membrane-induced folding events.
Materials and methods

Liposome preparation
Lipids in chloroform were purchased from Avanti Polar Lipids except egg PC (Sigma) and NBD-PE (Molecular Probes). Liposomes used in flotation and GAP activity experiments were produced by extrusion. A dried film was prepared by evaporation of a mixture of the indicated lipids in chloroform and resuspended in 50 mM Hepes pH 7.2 and 120 mM K-acetate. After five steps of thawing and freezing in liquid nitrogen, the liposome suspension was extruded sequentially through (pore size) 0.4, 0.2, 0.1, 0.05 and 0.03 mm polycarbonate filters using a hand extruder (Avanti) at a final lipid concentration of 1-2.5 mM. The liposome radius was estimated by DLS in a Dyna Pro instrument. Liposomes were stored at room temperature and used within 2 days after preparation. The composition of Golgi-mix liposomes was (mol%) egg PC (50), egg PE (19), brain PS (5), liver phosphatidylinositol (10), cholesterol (16) and NBD-PE (0.2). (C18:1-C18:1) Golgi-mix liposomes had the same polar head composition but were prepared with dioleoyl-PC, dioleoyl-PE and dioleoyl-PS. The small liposomes used for CD spectroscopy were obtained by sonication of DOPC:DOPS (70:30) suspension (15 mM) in 10 mM Tris pH 7.5 and 150 mM KCl with a titanium tip sonicator. Titanium and lipid debris were removed by centrifugation at 100 000 g for 20 min to obtain a homogeneous population of liposomes with an average radius of 24-30 nm (as determined by DLS on several samples).
Protein expression and purification
Full-length myristoylated Arf1 and Gcs1p were purified as described (Franco et al, 1995; Poon et al, 2001) . Full-length rat ArfGAP1 with a polyhistidine tag was purified from SF9 cells (generous gift from J Premont) by MonoQ chromatography as described (Premont and Vitale, 2001) .
The , , and fragments of rat ArfGAP1 were PCR-amplified from the pKM260 construct (Cukierman et al, 1995) using primers that incorporated NdeI and BamHI restriction sites and ligated into the pET16b expression vector (Novagen). This vector adds a polyhistidine tag and a cleavage site for factor X. Point mutations (L207A, W211A and F214A) were introduced in the ArfGAP1[1-257]-pET16b vector using the sitedirected mutagenesis kit from Stratagene. The pET16b ArfGAP1 constructs were expressed in E. coli at 371C and purified from inclusion bodies by nickel chromatography (Qiagen) under denaturing conditions as described ). Renaturation was performed by gentle dialysis against a mixture of two solutions; the first contained 25 mM Tris pH 7.5, 150 mM NaCl, 4 M guanidine, 2 mM DTT and 1 mM PMSF and was gradually replaced (overnight) by the second solution containing 25 mM Tris pH 7.5, 50 mM NaCl, 50 mM ZnCl 2 , 2 mM DTT and 1 mM PMSF. Aggregated material was discarded by centrifugation. For the , and constructs, the supernatant was further purified by MonoQ chromatography (Amersham) using a linear 0-1 M NaCl gradient. For the construct, the supernatant was further purified by gel filtration on a sephacryl HR 200 column (Amersham) in 50 mM Tris pH 7.5, 100 mM NaCl and 1 mM MgCl 2 .
For the GST fusions, the or sequence of ArfGAP1 was PCR-amplified as BamHI/EcoRI inserts and cloned into the pGEX-2T expression vector (Roche), which includes a thrombin cleavage site. After expression, bacteria were lysed in 50 mM Tris pH 7.4 and 150 mM NaCl, supplemented with 1 mM PMSF, 1 mM pepstatin, 10 mM bestatin, 10 mM phosphoramidon and a cocktail of anti-proteases (Roche). The supernatant was incubated for 1 h with a glutathione Sepharose 4B gel (Amersham) and the beads were submitted to several washes. GST fusions were eluted in the same buffer supplemented with 10 mM glutathione. Alternatively, the beads with GST- ArfGAP1 were incubated with thrombin to allow the elution of the ArfGAP1 peptide. The thrombin eluate was further purified by HPLC on a chromolith C18 column (Merck) with an acetonitrile gradient. By mass spectrometry, we identified one HPLC peak as the Arf-GAP1 peptide and a second peak as the ArfGAP1 peptide. The two peptides also contained the GS sequence from the thrombin cleavage site of the pGEX-2T expression vector. The ArfGAP1 peptide was lyophilized and stored at À201C before use.
Analytical gel exclusion chromatography
Aliquots of the various purified ArfGAP1 constructs (0.7-2 nmol in a total volume of 100 ml) were applied to a superose 12 column and eluted at a flow rate of 0.5 ml/min in 25 mM Hepes pH 7.5, 100 mM KCl, 1 mM MgCl 2 and 1 mM DTT. The column was calibrated using the following standards: bovine serum albumin (66.0 kDa), ovalbumin (45.0 kDa), carbonic anhydrase (29.0 kDa) and cytochrome c (12.4 kDa).
Tryptophan fluorescence GAP assay
Tryptophan fluorescence was measured at 340 nm (bandwidth 20 nm) upon excitation at 297.5 nm (bandwidth 3 nm) in a Shimadzu R5301 fluorimeter equipped with stirring and injection facilities. All experiments were performed at 371C. The cylindrical quartz cuvette initially contained extruded liposomes (0.2 mM) in HKM buffer (50 mM Hepes pH 7.2, 120 mM KAc, 1 mM MgCl 2 , 1 mM DTT). Arf1-GDP (0.5 mM) was added and activated by the sequential addition of 40 mM GTP and 2 mM EDTA (giving 1 mM [Mg 2 þ ] free ). After 10 min, 2 mM MgCl 2 (giving 1 mM [Mg 2 þ ] free ) was added. GTP hydrolysis was initiated by the addition of Gcs1p, ArfGAP1 or the indicated constructs. For simplicity, the fluorescence level of Arf1-GDP was arbitrary set at zero and the fluorescence level after the GTP loading step was set at 100%. Therefore, the fluorescence scale shown in the figures directly reflects the fraction of Arf1 that undergoes GTP hydrolysis.
Flotation experiments
Proteins (0.5-1 mM) and liposomes (0.5-1 mM) were incubated in HKM buffer at room temperature for 5 min in a total volume of 150 ml. The suspension was adjusted to 30% sucrose by adding and mixing 100 ml of a 75% w/v sucrose solution in HKM buffer. The resulting high-sucrose suspension was overlaid with 200 ml HKM containing 25% w/v sucrose and 50 ml HKM containing no sucrose. The sample was centrifuged at 55 000 r.p.m. (240 000 g) in a Beckman swing rotor (TLS 55) for 1 h. The bottom (250 ml), middle (150 ml) and top (50 ml) fractions were manually collected from the bottom using a Hamilton syringe and analysed by SDS-PAGE using the fluorescent dye sypro-orange (Molecular Probes). The gels were visualized and quantified using a FUJI LAS-3000 fluorescence imaging system. We checked the recovery of the liposomes during centrifugation and after fraction collection by following NBD-PE fluorescence. A fluorescence image of the tubes before and after centrifugation was taken in the fluorescence imaging system using a small mirror at 451, which directed the side image of the tubes to the vertically positioned CCD camera. After fraction collection, the amount of NBD in the various collected fractions was quantified using the same imaging system.
Limited proteolysis
[ArfGAP1] (0.8 mM) was incubated in HKM buffer with or without liposomes (0.8 mM) at 251C in a total volume of 150 ml. At time zero, 0.08 mg/ml chymotrypsin was added. At the times indicated, 30 ml aliquots were withdrawn, supplemented with 0.5 mM PMSF and stored on ice. The proteolysis reaction was analysed by SDS-PAGE using sypro-orange staining and by Western blot using an anti-polyhistidine tag antibody.
Mass spectrometry
Mass measurements were made on a Perseptive Biosystems Voyager-DE PRO MALDI-TOF mass spectrometer equipped with a 1.3 m ion flight tube, delayed-extraction technology and a reflector analyser (Framingham, MA). Prior to mass spectrometry, protein samples were desalted and concentrated using microscale reversedphase column (ZipTip C4 , Millipore, Bedford, USA) by washing with 0.1% trifluoroacetic acid (TFA) and eluting with 80% acetonitrile and 0.1% TFA. The samples were mixed (1:10) with sinapinic acid matrix (3,5-dimethoxy-4-hydroxycinamic acid, 10 mg/ml; Sigma, St Louis, USA), and 2 ml (20 pmol) of the mixture was applied to the sample plate. All spectra were acquired in a positive linear mode with a 25 kV acceleration voltage. For each sample, mass spectra were obtained by accumulating 200 shots and by averaging five measurements, and a close external calibration was performed using a protein mixture with mass range from 5734.59 Da to 44 613 Da. Processing of mass spectra was performed with the Data Explorer 4.0 software.
Circular dichroism measurements
CD spectroscopy was performed on a Chirascan spectropolarimeter (Applied Photophysics). Before measurements, the proteins were dialysed against 10 mM Tris pH 7.5, 150 mM KCl and 1 mM DTT. The experiments were performed at room temperature in a HELLMA quartz cell with an optical path length of 0.02 cm. Each spectrum was obtained by averaging several scans recorded from 200 to 260 nm with a bandwidth of 2 nm, a step of 1 nm and a scan speed of 20 nm/min. Control spectra of liposomes in buffer were subtracted from the protein spectra. The spectra were analysed in the 200-240 nm range with the CDPro software (Sreerama and Woody, 2000) , which contains three fitting algorithms and a set of reference spectra (SMP50). The percentages of secondary structure given in Results are those estimated with the CONTIN/LL algorithm, which gave the best fits.
